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Abstract The latitudinal gradient of outgoing longwave radiation (OLR) over Africa is a skillful and
physically based predictor of seasonal Atlantic hurricane activity. The African OLR gradient is observed to
have strengthened during the satellite era, as predicted by state-of-the-art global climate models (GCMs) in
response to greenhouse gas forcing. Prior to the satellite era and the U.S. and European clean air acts, the
African OLR gradient weakened due to aerosol forcing of the opposite sign. GCMs predict a continuation of
the increasing OLR gradient in response to greenhouse gas forcing. Assuming a steady linear relationship
between African easterly waves and tropical cyclogenesis, this result suggests a future increase in Atlantic
tropical cyclone frequency by 10% (20%) at the end of the 21st century under the RCP 4.5 (8.5)
forcing scenario.
1. Introduction
There is an average of about 12 named tropical storms per year over the Atlantic Ocean [Karnauskas and Li,
2016 (KL16)], all of which have the potential to signiﬁcantly impact property and population in the region.
Atlantic seasonal hurricane activity prediction is thus of great societal interest. The genesis and maximum
potential intensity of tropical cyclones (TCs) is controlled by several factors including local sea surface tem-
perature (SST), large-scale low-level vorticity, midlevel humidity, upper tropospheric (outﬂow) temperature,
and the magnitude of vertical wind shear [Gray, 1979; Emanuel, 2010]. Remote forcing, such as the El
Niño–Southern Oscillation (ENSO), inﬂuences climate conditions over the Atlantic and therefore also plays
an important role in driving change in Atlantic hurricane activity [Bell and Chelliah, 2006].
Karnauskas [2006] and KL16 found that the Atlantic seasonal hurricane activity is closely associated with the
meridional gradient of outgoing longwave radiation (OLR) over Africa. The physical connection between the
OLR gradient and tropical storms is as follows: (a) the meridional OLR gradient reﬂects the temperature gra-
dient between Sahara Desert and central Africa, which is the main driver of the African easterly jet [Hsieh and
Cook, 2008]; (b) the OLR difference between central and northern/southern Africa is closely connected with
the strength of the intertropical convergence zone (ITCZ), which is further related to the local Hadley circu-
lation [Zhang and Wang, 2013]. Hence, a stronger meridional OLR gradient over Africa indicates stronger
instabilities associated with the easterly wave production, which may serve as seeds for Atlantic TCs
[Thorncroft and Hodges, 2001; Hopsch et al., 2010], although the linear relationship between African easterly
waves (AEWs) and Atlantic TCs also depends on large-scale conditions and is thus not always steady [e.g.,
Ross et al., 2012]. The African hydroclimate has been singled out as an important driver of Atlantic hurricane
activity in the past [Gray, 1990; Donnelly and Woodruff, 2007]. However, it has also been noted in previous
studies that the relationship between Sahel rainfall and Atlantic TC activity may have changed, yielding to
the failure of the African rainfall predictor for Atlantic TCs [Klotzbach, 2007; Fink et al., 2010; Caron et al.,
2012; Klotzbach et al., 2015; Boudreault et al., 2017]. Nevertheless, using an OLR index in July as the only pre-
dictor, which is the OLR averaged over northern and southern Africa minus that over central Africa, KL16
showed that the prediction of named Atlantic storms yields a success rate of 87% during 2001–2015, com-
pared to 53% success rate of prediction from the U.S. National Oceanic and Atmospheric Administration
(NOAA) over the same period.
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KL16 noted that the July African OLR trend observed by satellite projects strongly onto the OLR anomaly pat-
tern associated with named Atlantic storms. Given the close association between the African meridional OLR
gradient and Atlantic hurricane activity, natural questions are (a) how signiﬁcant is the observed trend in
African OLR during the satellite era, (b) what are physical causes of the OLR trends, and (c) how will the mer-
idional OLR gradient evolve in the future? In this study, we address these three questions, which are impor-
tant for understanding future changes in Atlantic storms and especially their potential impacts on coastal
landforms, ecosystems, societies, and economies.
2. Observational Data and Climate Models
We employ satellite observations of OLR from NOAA over the period 1979–2015 [Liebmann and Smith, 1996].
OLR from the National Centers for Environmental Prediction Reanalysis 2 (NCEP2) data set over the same per-
iod was also analyzed [Kanamitsu et al., 2002]. Because of the limited period of the satellite observations, OLR
during 1900–2014 from the twentieth century reanalysis data version 2c (20CRv2c) was used [Compo et al.,
2011]. The HURricane DATa second generation data set from NOAA was also employed [Landsea and
Franklin, 2013].
To determine the cause of the recent observed OLR trend, historical simulations for the period 1900–2005
from 30 global climate models from the Coupled Model Intercomparison Project Phase 5 (CMIP5) were ana-
lyzed (Table S1in the supporting information). We also examine future projections for the period 2006–2100
under Representative Concentration Pathway (RCP) 4.5 and 8.5 scenarios to explore future African OLR
trends. In addition, single forcing experiments for the period 1900–2005, i.e., experiments with anthropo-
genic aerosol (AA) forcing or greenhouse gas (GHG) forcing only, provided by 11 CMIP5 models were
analyzed to examine relative roles of the two primary anthropogenic forcings in the African OLR trend
(Table S1). In the following section, we will present and analyze the ensemble mean of CMIP5 models.
Interested readers may refer to Table S1 and Figures S1–S4 for CMIP5 details.
3. Results
As previously shown by Karnauskas [2006] and KL16, the seasonal number of named Atlantic storms is tightly
linked with the meridional structure of African OLR (Figure 1a), with more storms being associated with posi-
tive OLR anomalies over northern and southern Africa and a negative OLR anomaly over central Africa. The
strengthenedmeridional OLR gradient indicates a stronger temperature gradient between northern and cen-
tral Africa and an enhanced ITCZ/regional Hadley circulation, both of which can contribute to jet instabilities
and easterly wave production. Following KL16, we focus on the OLR trend in July, given that July is the com-
plete month after which Atlantic seasonal hurricane predictions (June–November) are issued by NOAA
annually. Results of the trend pattern, attribution and future projection of African OLR for the entire hurricane
season are similar (not shown).
The African OLR trend pattern observed by satellite (1979–2015) projects strongly onto that of the OLR anom-
aly pattern regressed onto named Atlantic hurricanes (Figure 1b), with a strengthening meridional OLR gra-
dient in recent decades. OLR trends from 20CRv2c also exhibit an enhanced meridional gradient (Figure 1d).
It has been proposed that such an observed OLR trend pattern may contribute to observed trends in Atlantic
storms [KL16]. Interestingly, a very similar OLR trend pattern to satellite observations is captured by the CMIP5
historical ensemble over the same period (Figure 1c), despite a much smaller magnitude. Because the
ensemble-mean approach may effectively ﬁlter out the randomly distributed internal climate variabilities
across different models, this result implies that the recent strengthening African meridional OLR gradient
may be attributable to external forcing.
To explore the time evolution of the African meridional OLR gradient, we deﬁne an OLR index, which is the
average of domain-mean OLR over northern and southern Africa minus that over the central Africa (boxes
marked in Figure 1). Regions chosen to calculate OLR indices in this study are slightly modiﬁed compared
to the ones used in KL16 to focus on diagnosing the OLR trend pattern from CMIP5 future projections rather
than simply the covariability with named storms, but OLR anomalies in these modiﬁed boxes are still closely
aligned with the OLR anomaly pattern associated with Atlantic hurricanes. In this study, we refer to the mer-
idional OLR gradient as the magnitude of OLR gradient between north (Sahara) and central Africa (ITCZ) as
well as that between central and South Africa, and the OLR index represents the peakedness in the African
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OLR. Consistent with the strengthening meridional OLR gradient observed by satellites, the OLR index calcu-
lated using the satellite data set exhibits a signiﬁcant increasing trend during 1979–2015 (0.23 W m2 yr1,
95% statistically signiﬁcant) (Figures 2a and S1). The OLR index from the NCEP2 reanalysis exhibits a slightly
greater increasing trend compared to satellite observations, while the OLR index trend is smaller in 20CRv2c
than that observed by satellite. The CMIP5 multimodel mean result also shows a small but positive trend in
the OLR index during the satellite era, with a relatively large intermodel spread. The 40-member ensemble
of fully coupled Community Earth System Model (CESM) simulations exhibit very similar results to CMIP5
models (Figure S1). The spread of the projected change in the OLR index may be associated with different
phases of internal variabilities across different models/ensemble members. It is also interesting that the
OLR index trend in satellite observations is very close to the high end of the projected OLR index trend in cli-
mate models (Figure S1). These results suggest that the magnitude mismatches between satellite observa-
tions and CMIP5 models may relate to decadal variabilities being ﬁltered out in the CMIP5 multimodel
mean result. Roles of internal and external forced variabilities in Atlantic TC decadal variabilities have indeed
been noted in previous studies [Camargo et al., 2013; Ting et al., 2015].
To extend the OLR index beyond the satellite era, we use the 20CRv2c data set, and we applied a 72 year low-
pass ﬁlter (twice the length of the satellite era) to remove the inﬂuence of interannual and decadal variabil-
ities. The stronger trend of the African meridional OLR gradient observed by satellites than that in the
20CRv2c appears to be due to a stronger positive OLR trend over northern Africa/southern Europe in the
satellite data compared to the 20CRv2c (Figures 1 and 2b). Also interesting is that the strengthened OLR
index in the NCEP2 is primarily due to a decrease in OLR over the ITCZ, which is different from satellite obser-
vations (not shown). Furthermore, the 20CRv2c OLR index suggests that the recent strengthening OLR gradi-
ent trend over Africa began ~17 years prior to the satellite era, prior to which there was an overall negative
Figure 1. (a) Regression of July OLR onto number of named storms (June–November) during 1979–2015 (W m2 per number of named storms). (b) Observed July
OLR trend by satellite during 1979–2015 (W m2 37 yr1). (c) As in Figure 1b but for multimodel mean OLR trend during 1979–2015 from 30 CMIP5 models (W m2
37 yr1). (d and e) As in Figure 1b but for OLR trend in 20CRv2c during 1979–2014 and 1962–2014, respectively. Units are W m2 36 yr1 in Figure 1d and W m2
53 yr1 in Figure 1e. The year 1962 is when the 20CRv2c OLR index reaches minimum (Figure 2a). Note that scales of color bars in Figures 1b and 1c are different.
Stippling denotes the region that is 90% statistically signiﬁcant in Figures 1a, 1b, 1d, and 1e and 24/30 model agreement in Figure 1c. Boxes denote regions for
deﬁning the OLR index, which are 22.5°N–45°N, 0–30°E; 7.5°N–20°N, 0–30°E; 35°S–12.5°S, 0–30°E.
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trend in the OLR index with notice-
able decadal variabilities (Figures 1
and 2a). This is consistent with pre-
vious studies that found a drying
(wetting) trend over Sahel before
(after) the 1980s [Held et al., 2005;
Fontaine et al., 2011; Dong and
Sutton, 2015]. The decreasing meri-
dional OLR gradient during early
twentieth century suggested by the
20CRv2c and the increasing trend
observed by satellite in recent dec-
ades are both predicted by CMIP5
historical simulations (Figure 2a).
This result suggests that the centen-
nial scale trend of the African meri-
dional OLR gradient is primarily
attributable to the external forcing.
However, similar to the satellite era,
trends since 1900 are also stronger
in the 20CRv2c than in the CMIP5
multimodel mean result.
To explore roles of the external for-
cing in the African OLR trend during
the two intervals, we analyzed
CMIP5 single forcing experiments for
the two primary anthropogenic for-
cings, i.e., AAs and GHGs. Consistent
with the OLR index evolution, OLR
trend patterns from CMIP5 historical
runs prior to and after 1979 are
indeed opposite (Figures 3a and 3b),
featuring weakening and strengthen-
ing of the meridional OLR gradient,
respectively. Single-forcing experi-
ments suggest that increasing AA
(GHG) concentration tend to induce
weakening (strengthening) of the
meridional OLR gradient (Figures 3d
and 3f), which is consistent with ﬁnd-
ings in previous studies [Douville
et al., 2002; Biasutti and Giannini,
2006; Paeth and Feichter, 2006].
Previous studies also found that AAs (GHGs) contribute to decreasing (increasing) Atlantic TCs [Ting et al.,
2015; Sobel et al., 2016]. The decreasing trend of the Africa OLR gradient over the period 1900–1978 is primar-
ily due to the AA forcing dominating the GHG forcing. Note that the AA effect during 1979–2005 is opposite
to what it was prior to 1979, which is associated with decreasing AAs over Africa after the 1980s [Takemura,
2012; Dunstone et al., 2013; Dong and Sutton, 2015]. Consequently, the strengthening OLR gradient during
1979–2005 is due to a combination of changes in both the AA forcing and the GHG forcing (Figures 3c
and 3e). Also, note that the OLR trend due to the GHG effect is much smaller during 1900–1978 compared
to recent decades (Figures 3e and 3f), which is associated with smaller GHG forcing during the early period.
We also note that the summation of the OLR trends induced by AAs and GHGs is greater than that in historical
Figure 2. (a) Time evolution of the OLR index from satellite observation
(black), 20CRv2c (cyan), NCEP2 (linear trend, gray), and CMIP5 models. Red
(blue) for historical simulation during 1900–2005 and RCP8.5 (RCP4.5)
experiments for the period 2006–2100. Shading represents uncertainty
across different CMIP5models, which is deﬁned as the 25th (lower boundary)
and 75th percentile (upper boundary) (blue for RCP4.5, red for RCP8.5). (b) As
in Figure 2a but for the OLR averaged over northern, central, and southern
Africa. OLR indices in 20CRv2c and CMIP5 models are 72 year low-pass ﬁl-
tered, and the linear trend of OLR index in satellite observation is shown. The
indices are centralized toward the trend line value in the year 2014 in satellite
observations.
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simulations, in which both effects are included simultaneously. This discrepancy may be associated with the
two anthropogenic forcings acting nonlinearly [Ming and Ramaswamy, 2009].
We further analyzed CMIP5 future projections to explore the response of the African OLR gradient to the
anthropogenic GHG forcing in the future. RCP8.5 projections predict a continuation of the increasing OLR
gradient in CMIP5 historical simulations, including the magnitude of the increasing trend out to 2100
(Figures 2a and 4a). Similar for RCP4.5 simulations except for a smaller magnitude and a leveling-off of the
increasing trend by midcentury because of the slowdown of the increasing radiative forcing (Figures 2a
and S2a). The largest regional contributions to the future strengthening OLR index are from Northern
Africa/Southern Europe and southern Africa (Figures 2b, 4a, and S2a), which differ from satellite observations
(during the satellite era, the decrease in ITCZ was about the same as the increase in Sahara, which is due to an
expansion of the dry zone and the narrowing of the ITCZ region [Lau and Kim, 2015; Zhang and Li, 2016]).
Diagnostics of future OLR increases over northern and southern Africa in RCP8.5 experiments suggest that
increasing surface temperature plays a leading role (Figure 4c), which induces an enhanced meridional tem-
perature gradient between northern/southern and central Africa. Future OLR also decreases slightly over the
ITCZ, which is due to a strengthening and poleward shift of the ITCZ associated with a shift and expansion of
the Hadley circulation (Figures 4b, 4d, and S3). The precipitation increases over the ITCZ region despite the
local descending motion anomaly, which may be related to the greater moisture availability in a warmer cli-
mate (Figures 4b and 4d). Surface temperature beneath the ITCZ increases a small amount, but the increased
precipitation dominates the OLR response.
The meridional OLR gradient over Africa and the genesis of tropical waves (i.e., seeds for Atlantic TC genesis)
are mechanistically connected. Indeed, the July OLR index and named Atlantic storms (June to November)
Figure 3. (a) Multimodel mean OLR trend from CMIP5 historical simulations during 1979–2005. (b) As in Figure 3a but for 1900–1978. (c and d) For AA forcing-only
experiments, and (e and f) for GHG forcing-only experiments. Units are W m2 30 yr1.
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Figure 4. (a) Multimodel mean OLR trend from RCP8.5 experiments (shading, W m2 century1) and OLR climatology (contour, W m2). (b) As in Figure 4a but for
precipitation (units are mm d1 century1 for the trend and mm d1 for climatology). (c) For skin temperature (K century1, domain mean warming removed) and
(d) for 500 hPa omega (units are 0.01 Pa s1 century1 for the trend and 0.01 Pa s1 for climatology). Stippling denotes 24/30 model agreement.
Figure 5. Point density distribution of satellite observed OLR index against number of named Atlantic storms (June–November) during 1979–2015 (shading).
Contours denote the point density distribution associated with OLR index change predicted by CMIP5 future projections ((a) for RCP4.5 and (b) for RCP8.5).
Dashed (solid) contours are associated with the 25th (75th) percentile of the projected OLR index change.
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are highly correlated during the satellite era (correlation coefﬁcient ~0.66, 99% statistically signiﬁcant). The
linear relationship between two variables is determined empirically based on observational data sets during
1979–2015 (slope ~0.52 TCs per W m2) (Figure 5). Given that physics for the jet instability should not be
strongly climate dependent and that TC genesis requires an ambient disturbance [Gray, 1979] (although
some studies suggest that genesis might also occur spontaneously [Nolan, 2007]), it is plausible that the rela-
tionship between the strength of the African meridional OLR gradient and the number of named Atlantic
storms is stationary and thus can be applied to the future climate. One can then infer that the number of
named Atlantic storms would shift toward higher values based on the projected increase in the OLR index.
However, several previous studies have suggested a decrease in TC frequency in the future due to changes
in large-scale environmental parameters in the main development region (MDR) [Knutson et al., 2010]. Our
results are largely independent of those parameters and suggest that an increase in seeds for Atlantic TCs
may partially compensate for such a decrease due to large-scale conditions over the tropical Atlantic.
Under the RCP8.5 forcing scenario, the ensemble-mean OLR index is projected to increase by around
4.7 W m2 by the end of the century, which would imply that the number of named Atlantic storms per year
will increase by ~2.4 named storms (or +20%). The ensemble-mean change in the RCP4.5 is about half the
magnitude (Figure 2). Although approximately two thirds of CMIP5 models project increases in the African
OLR gradient, the uncertainty is relatively large (Figures 5 and S4), which leads to similarly large uncertainty
in implied changes in TCs based on OLR changes alone.
4. Conclusion and Discussion
We found a signiﬁcant strengthening of the African meridional OLR gradient in satellite and reanalysis during
1979–2015. The African OLR trend observed by satellites is predicted as a response to anthropogenic forcing
by CMIP5 models, although satellite trends in OLR are ~5 times of those predicted by the CMIP5 multimodel
mean, which may be because of natural variabilities being ﬁltered out by the ensemble mean approach.
The 20CRv2c reanalysis suggests that the recent strengthening of the African meridional OLR gradient began
in the 1960s, prior to which there was an opposite trend. Multimodel mean results from CMIP5 historical
simulations capture a similar evolution of the OLR gradient, despite a smaller magnitude. Analysis of
CMIP5 single-forcing experiments reveals that the increasing trend of the OLR index during the satellite
era is due to a combination of the GHG forcing and the AA forcing, whereas the decreasing trend of the
OLR gradient over 1900–1978 is due to the AA forcing being opposite to what it was since 1979 and stronger
in magnitude than the GHG forcing [Sobel et al., 2016]. It is worth noting that land use change may also con-
tribute to the observed OLR trends during the satellite era, the role of which cannot be distinguished in the
present modeling framework but deserves further attention in the future.
CMIP5 projections predict a continuation of the strengthening OLR gradient in response to future GHG for-
cing. Diagnostic analysis reveals that the future African OLR trend is due to increasing skin temperature
and poleward shifting precipitation over the ITCZ. Under RCP8.5 (4.5), the projected future OLR change would
suggest that the number of seeds for Atlantic TC genesis per year will increase by 20% (10%) by the end of the
century, assuming that the relationship between the OLR gradient and the number of “seeds” is stationary
(physics of jet instability is not climate dependent). If one considers constraints on the total seasonal hurri-
cane activity to be proportional to the number of seeds, modulated by environmental parameters related
to their growth into full TCs, our results are addressing the former constraint. Thus, our results are synergis-
tic—not in contrast to—previous studies that explore the latter constraints on TC genesis, which have been
shown to be climate dependent (e.g., nonstationarity of the SST threshold for genesis) [Vecchi and Soden,
2007]. However, many previous studies [e.g., Ross et al., 2012] have found that the linear relationship between
AEWs and Atlantic TCs do not always hold, and whether AEWs will develop into TCs or not depend on many
other conditions such as their characteristics [Agudelo et al., 2011] and/or large-scale environment conditions
[Peng et al., 2012; Daloz et al., 2012; Satoh et al., 2013; Leppert et al., 2013; Brammer and Thorncroft, 2015;
Asaadi et al., 2016], and how they interact with other waves [Ventrice et al., 2011]. This is a caveat that one
needs to bear in mind when interpreting our results. Previous work has shown that storms that form from
easterly waves are more likely to intensify to major hurricanes and are more likely to threatenmultiple coastal
regions along their tracks [Kossin et al., 2010]. Hence, results shown here underscore the profound societal
implications of climate change and concomitant changes in TCs.
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